With the rapid development of information technologv. Internet has evolved from a simple data-sharing media to an amazing information world where people can enjoy different kinds of services. Recently, the use of the Internet has been expanded to thefield of automation, i.e. using the Internet as a tool to control equipment located at remote sites. This paper presents a cooperative robot system consisting of a robot hand and a mobile robof canying a stereo vision, which can be tele-operated by operators at different sites via the Internet. To overcome the instabilify and reliability problem caused by fhe random time delay of the Internet communication, we adopt an even! as the reference for controller design of the system. A vision-based method is adopted to maintain interactions among the operations. Results obtained in teleoperation . experiments among Hang Kong, the mainland China, and USA will be demonstrated to confirm the usefulness and effectiveness of the developed method and sysfem.
Introduction
With the rapid development of information technology, Internet is applied in different fields nowadays. Recently, the use of the Internet has heen extended to the field of automation by using it as a command transmission media for controlling the machine remotely. With this remote control technique, the operator is able to control the robot everywhere. It is convenient for several different operators at different location to collaborate concurrently in real time.
Collaborative teleoperation is an interesting area. in engineering. Today, many works have heen reported in the cooperative control of telerobot over the Internet. Goldberg et a1 [I] set up a collahorative teleoperated system. Through the developed client's Internet browser, several users can play the well known Ouija board game together. Elhajj et al [2] developed a multi-site Internetbased tcleopcration system which allows operators from Hong Kong and Japan control the mobile manipulator located at USA cooperatively in real time. Chong et al. [3] built a tele-manipulation test bed in which one local operator and one remote operator control the robot with a local on-line graphics simulator to tackle the time delay. Kheddar et a1 [4] developed a long distance multi-robot teleoperation system between Japan and France using an world by the means of virtual reality. Suzuki et al [51 [61 designed a human interface system to control multi-robot using the World Wide Web. Each robot in the system has its own ID number, and the operator is able to operate all of them by using the developed interface system. And, the system is extended to the use of cooperative inspection.
With the characteristics of wide spread, high speed and low cost, Internet seems to be an ideal communication media for teleoperation. However, control via Internet is still facing some difflculties, such as time delay. Due to the unpredictable network congestion and varying data transmission routine, the time delay of the Internet is therefore unpredictable and valying. Although the random time delay may not affect the data transmission, it may result in the instability of the system and greatly affect the reliability and performance of the system. Many researchers have proposed different ways to solve this critical issue In this paper, a telerohotics system consisting of one multi-fingered robot hand and one mobile robot is presented and the cooperation between a mobile robot and a fixed robot ann is being concerned. Different from others in which the robots arc working on similar task, in our system the mobile robot and the multi-fingered robot hand are responsible for different task. The mobile robot with camera installed is used to explore the working environment, while the robot hand is used to perform the grasping task based on the images captured by the mobile robot. Although the two robots are controlled independently, they are linkcd up by force interaction. A visual tracking module is introduced to determine interactions between two robots by monitoring the distance between the mulitfingered robot hand and the mobile robot, and thus monitoring the robots' motion.
The developed system can he operated remotely and collaboratively by multi operators at different location in real time via Internet with force reflecting. And, the problem of random time is overcome by applying an event-based controller. Compared with other event-based systems which must wait for the completion of all the cycles, in our system each robot is independent form the from the others, offering advantages of being simple, yielding better performance, being less affected by time delay. The feasibility of the system is verified successfully by several experiments conducted between China, U.S.A, and Hong Kong. 
The Internet-based cooperative robots system
A real-time force reflecting cooperative telerobotics system is developed. The system can be divided into four main subsystems which are client module, mobile robot module, multi-fingered robot hand module, and visual tracking module. All these modules are connected together through the Internet with TCPiIP communication protocol to form an Internet-based cooperative multirobot system. The architecture of the system and the variable used are shown in Fig. 1 .
Client Module
The input device is a Microsoft Sidewinder Force Feedback Pro. programmable force feedback joystick, which has 3 degrees of freedom for data input. Moreover, it can generate feedback force in conventional x and y directions and simulate different feelings of vibration.
The communication between the computer and the joystick is done by the client interface programmed in Visual Cti-with the DirectX technology. The client program takes the position of the joystick and the buttons' status and sends these information to the server as motion command. Besides, the program is also used for commanding the joystick to render the reflected forces received from the server.
Mobile Robot Module
The mobile robot is the 921 indoor mobile robot manufactured by Real World interface. It is driven by a four wheel synchronous mechanism which allows the robot moving freely in translation and rotation. On the top of the robot, a pan tilt head with two colour CCD cameras are installed. To keep the robot online, a wireless Ethernet bridge is incorporated to connect the robot to the Internet.
Inside the robot, there are two computers. One is the robot server, another is the image server. The robot server is responsible for the communication and the motion control of the mobile robot. It receives motion commands from the operator and collects the workspace infomidlion through the installed sensors. The image server is running VIC for image transmission. VIC is a video conferencing application software package developed by the Network Research Group at the Lawrence Berkeley National Laboratory in collaboration with the University of California, Berkeley.
Multi-fingered Robot Hand Module
The multi-fingered robot hand is composed of one robot arm and a five-fingered robot hand. The robot arm itself is the PA-10 portable general-purpose intelligent arm from Mitsubishi, which has 7 joints in all with symmetrical operation range and no offset from the centre. For the end effector, there are total 5 fingers installed. They are the product of Yaskawa Electric each of which has 3 degrees of freedom and can be controlled independently.
A SUN SparcStation 4, running the arm server and the finger server, is used for the communication between the remote and local site. 'Through the serial port, the arm server forwards the desired offset and orientation of the hand accepted from the operator to the arm controller, and gets the position of the hand fiom it. For the finger server, it is responsible for sending the predefined joint angles of each finger in grasping or ungrasping gesture to the finger controller depended on the received grasping signal.
Visual Tracking Module
The module is composed by two computers which are connected through an U 0 card. The tracking process is camed out by the computer with a Matrox pulsar frame grabber card installed. And, the communication part is done by another computer. The real time images of the arm's workspace are taken from the CCD camera which is hanged above the floor level about 2 . h The image of the workspace is shown in Fig. 2 . Two makers in black colour are placed on the mobile robot and the robot hand respectively. The use of the marker is to make the robot easier to be recognized and reduce the noise from the background. 
Event-based Control for Force Reflecting Teleoperation
Time delay in teleoperation greatly affects the performance, stability of the system and action synchronization. This problem is more critical when the control commands and the feedback information are transmitted through the Internet in real time, as the time delay over the Internet is varying and unpredictable. To illustrate the randomness of the time delay, Fig. 3 and Fig.  4 show the round trip delay between Hong Kong and USA, and that between Hong Kong and China. To solve the time delay problem, the concept of eventbased control law is applied to the developed telerobotics system. Event-based controller is a non-time based controller, which takes an event, instead of time, as the action reference parameter. The event parameter is the physical output of the system, however, it is not necessary to have a physical meaning. AAer applying the event-
based controller, the model of all the components in the developed system will be a function of the event. As the system is now no longer related to the time, it can be independent from the random time delay problem.
Modeling

Model of Joystick
Assuming the joystick is a spring-mass model, the dynamics of the joystick is: is the reference event of the joystick.
As the operator will move the joystick to a new position according to the forces he felt, the input data can be described as:
where P is the position value of the joystick, and Kp is the scaling constant of the joystick. 4(s) is the reflected force described in. equation (2) . Once the position of the joystick has been obtained, the motion command will be derived by following equation:
where K, is the positive scaling constant and C is the motion command of the robots.
Model of Mobile Robot
Due to the obstacle algorithm, the robot may not move exactly with the desired velocity. In'fact, the robot will move at V,(s J , the actual velocity of the robot. Therefore, the dynamic of the mobile base is written as following:
M , x P a ( s m ) = F , ( s , ) + T , (~, )
where M, is the mass of the mobile robot. T, is the driving force of the motor, and F, is the reflected forces obtained based on the environmental information. S , is the reference event of the mobile robot module.
Model of Multi-fingered Robot Hand
The end effector of the robot hand will move to a new position once the desired position offset is received. Each joint will displace for a certain offset to achieve the desired position. The dynamics equation of the robot hand can be described as following:
H ( q ) q + ( + H ( p l + S(q.4))4 + G ( q i = To(*)+ J ' F J s~) (6)
where q is the generalized coordinates of the robot hand, and H(q) is a symmetric and positive definite inertial matrix. S(q, 4 ), G(q), and J are the skew-symmetric matrix, the gravity force, and the Jacobian matrix of the manipulator respectively. T, is the torque applied by the actuators and Fa is the feedback forces obtained based on the shortest distance hetween the end effector of the arm and the boundaries of the workspace. S, is the event reference of the multi-fingered robot hand module
Control
To prove the developed system is stable after applying the event-based controller, we first assume that the dynamic of the robots is stable with reference time 1. As stated in [13] , the event s should be a non-decreasing function of time. The selection of the event s, in our case, is the number of the executed cycle. As the number of executed cycle is always increasing with time once the connection is established, the system stability can he guaranteed regardless of the time-delay by choosing it as a reference parameter. As.consequence, %, S, and Sa are the cycle number of the joystick, mobile robot module, and multifingered robot hand module respectively.
As the mobile robot and the multi-fingered robot hand are controlled independently and no needs to wait for other side to complete the cycle, therefore the cycle number of the mobile robot module S, may not equal to that of the multi-fingered robot hand module S , . However, the joystick controlling the mobile robot has the same cycle number as S,,,, while another joystick controlling the robot ann has the same cycle number as S , .
Force Feedback
Besides the visual information, force feedback also plays an important role in teleoperation. With the force feedback, the operator can have a better understanding on how the robot interacts with the remote environment, and therefore increase the dexterity of teleoperation.
In developed system, force feedback is applied on three different aspects: obstacle avoidance, boundary avoidance, and rendering the interaction between the mobile robot and the robot hand.
Obstacle avoidance
The sonar sensors around the mobile robot are used to detect the existence of obstacles and get the obstacle distance. If the obstacle is S0cm away from the mobile robot, no force will be generated and the robot can be controlled to move freely. However, when there is a detected obstacle closer than SOcm, the robot %Ne1 will send the feedback force to the operator to alert him the existence of the object. And, at the same time, the speed of the robot will be slowed down by half of the desired velocity to allow the operator to have more time to response. Furthermore, if the distance between the robot and the object detected is less than 30cm, the robot will be stopped to prevent from damaging itself and the working environment.
The direction of the feedback force will tell the operator the position of the object relative to the robot, and the magnitude of the force is related to the desired velocity of the robot. The relation between the desired translation velocity and the reflected force can be written by following equations,
F ( 
Boundary Avoidance
In the multi-fingered robot hand module, a workspace in the shape of rectangular box is defined to avoid the arm reaching the singular position. When the end effector is away the boundaries Scm or more, the operator will not feel any force, and he can control the ann to move in all directions. But, if the shortest distance between the arm and the boundaries is less than Scm, the operator will receive the feedback force from the ann server to prevent him from driving the arm to the workspace limit. And, the robot hand will stop moving if it reaches the boundary of the workspace.
The direction of the reflected force is opposite to the motion of the ann, and so the operator will know which direction he should move to keep the arm away from the boundary. The Forces can he represented as follows, where K, is the force constant, D. the shortest distance between the end effector and the workspace boundaries in cm. Fax, Fa, are the force feedbacks in the direction of x and y respectively. As the joystick can only generate forces in x and y direction, F, , the force generated when the arm is reached the upper or lower limit, will be a vibration force.
lnteractiou Rendering
In order to explore the working environment with a better view point, the mobile robot sometimes may need to enter the workspace of the robot arm. The robot hand is different from stationary obstacle, since it can move in both x, y. z direction. Therefore, the end effector may not be detected by the sonar sensor and collie with the mobile robot. To prevent the collision, the visual tracking module is introduced to find out the interaction between the end effector and the mobile rnhot.
In the real time image, the mobile robot and the robot hand is being tracked, and the position and the intermediate distance of the robots are found. The operators will not feel the feedback force until the distance between two robots is less than 60cm. And, the force will increase linearly when the mobile robot approaches to the robot hand. The reflected force is only used to alert the operators and will not affect the motion of the robots.
Both operators receive the feedback force with the same magnitude but in different direction. The mobile robot is assumed that it is always pointing to the arm's workspace and keeps away from the end effector by moving backward, so its operator will get the backward reflected force. For the robot hand module, with the end effector as the centre, the operator can receive the feedback force in 4 directions depended on the quadrant of the mobile robot located. The interactive force can be described as follows, where K, is the force constant and D, is the distance between the mobile robot and the end effector. FVm and F, are the interactive force sent to the operator of mobile robot and that of the robot arm respectively.
Experimental Results
To evaluate the developed system, several experiments were carried out among the Mainland China, Hong Kong, USA to verify its performances. Described here is one of the experiments in which the mobile robot and the mutifingered robot hand are located in Hong Kong, and the operators from China and USA are cooperated to complete the specific task. The mobile robot module is controlled by the operator in Shenyany, China, and the multi-fingered ann module is operated by the operator in Michigan State, USA.
In this experiment, the operator at China controls the mobile robot to help the operator at USA in grasping the object by providing a better point of view of the robot hand's workspace. Next to the target object, there are two boxes. After the object is grasped by the robot hand successfully, the operator at China moves the mobile robot to view at either one of the boxes telling the operator at USA which box he should put the object.
During the experiment, operators will not only receive the feedback force for obstacle avoidance and boundary avoidance, they will also obtain the interaction between the robot arm and the mobile robot. The interactive force can help the operators to keep a distance between two robots, and therefore prevent the collision between the robots even the mobile robot has entered to the robot hand's workspace. In Fig. 5 , the plots of the actual velocity, the desired velocity and the velocity error of the mobile robot in translation and rotation are shown in the left column and the right column respectively. In the graph of the translation velocity, the inconsistence between the actual and desired velocity is due to the poor performance of the controller at slow speed. When the mobile robot enter the robot arm workspace, the controller fails to move the mobile robot smoothly as the robot is only allowed to move at half of the desired velocity if it is near an object. However, the rotation of the robot does not affect by the obstacle avoidance algorithm, so the actual rotation velocity is at the same pattern as the desired one.
And, the first column, the second column, and the third column of Fig. 6 are showing the desired path, the actual path and the position error of the arm in x, y, z respectively. From the graphs, the robot ann are moved corresponding to the motion command and the response of the robot hand is fast and synchronized. Another experiment is carried out to verify the performance of orientation control of the robot hand. The orientation of the end effector about x and y axis is controlled. As the fingers are connected with a number of cables, due to the safety reason, the orientation about the z axis is unable to be changed. The results are shown in Fig. 7. The left column shows the desired orientation, the actual orientation and the orientation error about x axis and the right column shows the same things about y axis.
The plot shows that the system is stable and the motion of the hand follows the commands sent by the operator.
Conclusion
Presented in this paper is a cooperative control'of multi robots for Internet-based teleoperation with force reflecting. The proposed approach is demonstrated by a cooperative telerohotic system consisting of a mobile robot and a multi-fingered robot hand. In addition, a visual tracking module is introduced to find out the ioteraction between two robots. To overcome the time delay problem, an event based controller is adopted. And, the performance of the presented system is verified by several teleoperation experiments carried out among China, Hong Kong, and USA.
With such remote control technique, different operators at different location can collaborate concurrently all over the world via the Internet. It is hoping that such technique can he expanded to the general application such as intelligent home and 'e-hospital' in the future.
